Conclusions: The CG and MDRD formulas had some limitations for proper GFR estimation and K/DOQI-CKD classification by GFR levels alone.
T he best overall index of renal function is considered to be the glomerular filtration rate (GFR) and a gold standard for its assessment is the renal inulin clearance (Cin) (1, 2) . Unfortunately, the Cin cannot be used routinely in daily practice because of its complexity as a test, and the same is true for other methods using radiolabeled isotopes or nonradioactive contrast agents (3) (4) (5) . For practical reasons, several serum creatinine-based formulas for predicting GFR were created in the past (5) . The most frequently used ones are the Cockcroft-Gault (CG) formula and the Modification of Diet in Renal Disease (MDRD) study prediction equation. The CG formula was developed by using the mean 24-h urine creatinine excretion from two urine collections obtained in 249 adult men, whereas for women an arbitrary correction coefficient of 0.85 was suggested (6) . This formula estimates creatinine clearance (Ccr) instead of GFR. Because creatinine is not only filtered by the glomeruli but also secreted by the tubules, Ccr overestimates the GFR (7). The MDRD formula was created by a stepwise regression analysis of measured GFR (mGFR) by renal clearance of a single-bolus subcutaneous injection of 125 Iiothalamate (Cio) in 1628 participants of the MDRD study, which included only patients with chronic kidney disease (CKD) and mean serum creatinine (SCr) 2.3 Ϯ 1.2 mg/dl (8) .
Previously, some studies reported that Cio overestimates Cin in normal subjects and lupus nephropathy (9, 10) , and 125 Iiothalamate is excreted not only by glomerular filtration but also by tubular secretion (11) . Furthermore, in one of these studies (9), we calculated bias (mean/relative differences) between Cio and Cin ranging from Ϫ0.6 to 4.6/Ϫ2.7 to 23.3 and 18.8 to 26.6/17.4 to 27.1 (ml/min/1.73 m 2 /%), in two groups of subjects with mean Cin ranging from 17.6 to 24.3 and 95.9 to 108.3 ml/min/1.73 m 2 , respectively.
The Kidney Disease Outcome Quality Initiative (K/DOQI) clinical practice guidelines for CKD recommended, with few exceptions, the use of CG or MDRD formulas for GFR estimation (2) . After the K/DOQI-CKD classification was published, assessment of the GFR became an essential tool in the daily clinical practice. Hence, accurate evaluation of the GFR is of paramount importance for purposes of CKD staging because different clinical action plans according to GFR levels were recommended.
The primary objective of the study presented here was to assess the ability of CG and MDRD formulas to properly estimate the GFR measured by Cin in a large cohort of adults with a broad spectrum of GFR and diverse demographic characteristics and renal pathology.
Materials and Methods

Study Population and Exclusion Criteria
After an electronic search for mGFR by Cin was performed in MED-LINE (last accessed in August 2004), ten authors of previous publications were contacted and seven of them responded by providing eight sets of data. Four data sets were from their respective publications (12) (13) (14) (15) . One data set was compiled from two publications (16, 17) , and another one was derived from three publications (18) (19) (20) . One author provided two data sets, comprising published (21) and unpublished data. Because one study used a different protocol for mGFR (i.e., single-dose injection instead of continuous infusion of inulin), these data were not accepted for further analysis (15) . Compiling data from several institutions is feasible when similar GFR measurement methods are used. In total, 2482 individual Cin measurements were available for review, of which 274 were excluded for the following: age Ͻ18 yr (n ϭ 169), incomplete data (n ϭ 92), and duplicated measurements (n ϭ 13). The remaining 2208 subjects had data for their respective age, gender, weight, height, and SCr concentration and represent the study cohort.
GFR and SCr Measurements
Cin was used to measure GFR in all data sets. The procedures were previously described in the respective publications. Briefly, intravenous infusion of inulin was initiated as a bolus and continued at constant rate to maintain steady plasma inulin concentration. After an equilibration period, timed urine collections were used to calculate average Cin, which was accepted as mGFR and adjusted for body surface area (BSA).
All SCr values were measured by the Jaffé method (alkaline picrate reaction) using Technicon (12, 21) , Express Plus (13, 14) , Hitachi 747 (16, 17) , and Hitachi 704 and 717 (18) (19) (20) autoanalyzers. No information on calibration of the creatinine assays between the laboratories was available. SCr levels reported in micromoles per liter were divided by 88.4 to convert to milligrams per deciliter.
Estimated GFR based on SCr
For each mGFR a respective estimated GFR (eGFR; ml/min/1.73 m 2 )
was calculated using the following CG formula (6) : 
Statistical Analyses
The performance of CG and MDRD formulas was assessed by the following criteria, in which mGFR is deemed as the true value for comparison purposes:
• Total bias ϭ mean difference between eGFR and mGFR values All data were analyzed using PC SAS 8.2 software (SAS Institute, Cary, NC). Paired t test (two-tailed) was used to examine differences. The level of significance was set at P Ͻ 0.05.
Results
Demographic and Clinical Characteristics
The study cohort included adults from five medical centers located in four European countries. Table 1 reports demographic data for the entire cohort and stratified by mGFR levels. Overall, the population included 45.5% women, 1.4% Caribbean blacks, had a range of age 18 to 95 yr, SCr 0.43 to 14.81 mg/dl, and mGFR 2.2 to 177.2 ml/min/1.73 m 2 . Among GFR groups, the differences in mean values for weight, height, BSA, and BMI were not statistically significant (P Ͼ 0.05). There were data for Ccr in 1189 subjects (49.6% women), with a mean age of 47 Ϯ 15 and 46 Ϯ 15 yr, weight 69.9 Ϯ 18.3 and 74.7 Ϯ 16.5 kg, SCr 1.55 Ϯ 1.15 and 1.98 Ϯ 1.34 mg/L, and Ccr 83.1 Ϯ 42.4 and 79.3 Ϯ 42.2 ml/min in women and men, respectively. Renal pathology included glomerular diseases (14.9%), hypertension (12.1%), diabetic nephropathy (8.1%), tubulointerstitial disease and nephrolithiasis (6.0%), kidney transplant recipients (4.7%), polycystic kidney disease (3.3%), solitary kidney (2.9%), systemic lupus erythematosus (2.8%), multisystemic diseases (2.8%), renovascular disease (2.0%), renal carcinoma (0.4%), and CKD of unknown etiology (7.6%). Other groups included miscellaneous medical diseases without CKD (12.0%), other solid organ transplant recipients (9.0%), kidney transplant donors (4.7%), healthy individuals (2.5%), and unknown (4.2%). Figure 1 shows the exponential type of relation between SCr and Cin. The relations between mGFR and eGFR by both formulas and their variability coefficients (r 2 ) are depicted in Figure 2 . Correlation coefficients (r) between mGFR and eGFR were 0.84 and 0.86 for CG and MDRD formulas, respectively. Regression lines for CG and MDRD formulas had y-intercepts of 8.3 and 6.4, both significantly different from 0 (P Ͻ 0.0001), and slopes of 0.93 and 1.05, both significantly different from 1 (P Ͻ 0.0001), respectively.
Relation between mGFR and eGFR
Bias and Precision
Results for bias and precision are presented in Table 2 . Overall, both formulas had statistically significant total and relative bias (P Ͻ 0.001) and large total and relative precision. There was a statistically significant total and relative bias in all GFR groups, except in the 60 to 89.9 group for the CG formula and in the 30 to 59.9 and 15 to 29.9 (only total bias in Ͻ60) groups for the MDRD formula. The range for total/relative precision values for the CG and MDRD formulas in the GFR groups was 6.4 to 24.4/20.9 to 93.9 and 5.2 to 21.8/17.8 to 68.8 (ml/min/ 1.73 m 2 /%), respectively. (37) 512 (23) 484 (22) 275 (12) 130 (6) 1319 (60) 889 (40) Age ( 
Agreement
Bland-Altman plots for the differences of eGFR and mGFR against the combined mean values are depicted in Figure 3 
Accuracy
In the overall population, accuracy values within Ϯ10, Ϯ15, Ϯ20, Ϯ25, Ϯ30, and Ϯ50% difference from mGFR for CG and MDRD formulas were 25. results within Ϯ15, Ϯ30, and Ϯ50% according to GFR groups are presented in Table 2 . The best accuracy within Ϯ30% for the CG formula was in the GFR group Ն90 and for the MDRD formula in the 60 to 89.9 GFR group.
Sensitivity, Specificity, PPV, and NPV for the Purpose of K/DOQI-CKD Classification
The performance of both formulas was evaluated in the five CKD stages according to the K/DOQI-CKD classification by GFR levels alone, regardless of other kidney disease markers. Considering the entire cohort, CG and MDRD formulas properly classified 61.6 and 57.1% of the population in their true CKD stages, respectively. Table 3 illustrates the ability of each formula to accurately classify the subjects in their actual CKD stages. The two formulas had their best performance in CKD Stage 3, whereas the worst one for the CG formula was in CKD Stage 5 and for the MDRD formula was in CKD Stage 1. Sensitivity, specificity, PPV, and NPV values for both formulas are shown in Table 4 .
Discussion
To the best of our knowledge, this study has the largest ever investigated population with mGFR by continuous inulin infusion and is the only study representing data from several countries. The cohort included presumably normal subjects [i.e., healthy subjects and kidney transplant donors (7.2%)] and patients with and without CKD (67.6 and 21.0%, respectively). There was a very broad spectrum of GFR, wide range of age, approximately equal distribution by gender, very diverse renal pathology, and all major causes of CKD were present. All GFR groups had similar anthropometrics. Compared with the MDRD study population from which the formula was derived (8) 2). Unfortunately, limited information was provided for the CG formula's developing group of 249 men, age 18 to 92 yr. Mean Ccr of 72 Ϯ 36.6 ml/min (ranging from 11 to "normal") was reported for 236 subjects but only 226 of them were included in the developing group and therefore the exact mean Ccr is unknown (6) . For women, the authors adjusted the formula by 0.85 on the basis of previous recommendations that Ccr should be reduced by 10 to 20% because of differing amounts of muscle and fat in women. Our results did not confirm these recommendations because women had 5% (3.8 ml/min) higher mean Ccr despite 6% lower mean weight (22% lower mean SCr) compared with men of similar age.
Both formulas had similar r and r 2 values, which demonstrated good correlation and shared variance between mGFR and eGFR values.
Total and relative values for bias and precision have different implications at different GFR levels. For example, for an mGFR of 30 ml/min/1.73 m 2 , a total eGFR difference of 10 ml/min/ 1.73 m 2 is a relative difference of 33%, whereas for an mGFR of 120 ml/min/1.73 m 2 , a twice higher total eGFR difference of 20 ml/min/1.73 m 2 represents only a 17% relative difference. Taking into account total and relative bias, the results showed a trend for the two formulas to underestimate the high mGFR levels and overestimate the low mGFR levels. Expressed as a SD of bias, precision represents the eGFR range of deviation from the mGFR. For each lower GFR group the total precision values were lower, implicating better performance for both formulas. However, this simply reflected the respective lower mGFR values, because the rising relative precision values revealed increasing lack of precision. Therefore, the performance of a particular formula based solely on total bias and precision, without considering the respective relative values, should be interpreted with great caution.
Bland-Altman plots expressed a large range of agreement for the CG and MDRD estimates, because upper and lower limits were 86 and 80 ml/min/1.73 m 2 apart, respectively. Another study with mGFR by Cin reported better, but still large, range of limits of agreement of 62 and 57 ml/min/1.73 m 2 , respectively (25) . One possible explanation is that the study presented here had more mGFR values in the high-end GFR range, because in both studies the Bland-Altman plots revealed larger absolute differences between eGFR and mGFR for higher mGFR levels.
The accuracy analysis combines precision and bias (2) . It expresses how many GFR estimates are dispersed (i.e. the density) within a particular range of their respective GFR measurements and therefore is the most useful test. Unfortunately, there is no agreement in the literature on what is an acceptable eGFR percentage deviation from the respective mGFR, and different ranges are being reported. Individual day-to-day GFR variation was found to be as high as 17% (3, 5, 9) and therefore 15 to 30% difference from the mGFR seems to be a reasonable range. In our study, the overall results for accuracy revealed that approximately 70% of the GFR estimations by either formula were within Ϯ30% of the GFR measurements. For GFR Ͻ90 ml/min/ 1.73 m 2 , the accuracy for both formulas declined in each subsequent lower GFR group.
The CG and MDRD formulas had low sensitivity (Ͻ73%) in all GFR groups; good specificity (Ͼ92%) in GFR groups Ն90, 15 to 29.9, and Ͻ15; low PPV (Ͻ67%) in all but the GFR group Ն90; and good NPV values (Ͼ91%) for all groups with GFR Ͻ60. For purposes of the K/DOQI-CKD classification, both formulas properly assigned approximately 60% of the entire population. In the five CKD stages, the range of proper classification for CG and MDRD formulas was 43.8 to 70.9% and 49.1 to 72.9%, respectively.
Some limitations of the present study should be noted. The (26) . Creatinine assays using the Jaffé reaction may have higher SCr values because of interference from noncreatinine chromogens, which would mostly underestimate the GFR at high levels (27) . In our study, both CG and MDRD formulas showed better accuracy for mGFR Ն60 than Ͻ60 ml/ min/1.73 m 2 , therefore it is unlikely that the lack of SCr calibration significantly affected their accuracy. One study reported that the original MDRD formula's GFR bias with the Beckman CX3 kinetic Jaffé assay was reduced from 6.7 to 0.4% for the isotope dilution mass spectrometry (IDMS) assay, from 8.8 to 3.4% for the Roche enzymatic assay, and from 13.7 to 7.1% for the Roche compensated kinetic Jaffé assay when applying the new IDMS-traceable MDRD formula (28) . Because the Cio was reported to overestimate the Cin in some studies up to 27.1% as discussed already, it is possible that the GFR marker bias compensated for the SCr calibration's bias.
Estimates of accuracy from smaller studies can be unreliable (2). We reviewed five other publications with Ͼ100 adults, mGFR by Cin, and data analyses of the CG and MDRD formulas' accuracy within Ϯ30% and/or their performance in the K/DOQI-CKD classification (29) (30) (31) (32) (33) . Four of these studies reported overall Ϯ30% accuracy of 73% (29) , 65% (30), 54 and 65% (31) , and 58% (33) for the MDRD formula, and one study reported overall Ϯ30% accuracy of 59% (29) for the CG study. In regards to proper K/DOQI-CKD classification, two of these studies reported correct eGFR assignment of 57 and 72% by the CG formula, and 63 and 67% by the MDRD formula (29, 32) . Some of these results are different from ours, most likely because they were conducted in different populations. Two of the reviewed studies had SCr measurements calibrated to IDMStraceable values, and both showed worse MDRD formula Ϯ30% accuracy compared with our results (31, 33) . A recent publication (34) tested three linear equations (35-37) and a proposed correction value (38) for SCr calibration to the MDRD study laboratory in a cohort of 10,108 patients. Despite these calibrations, the MDRD formula did not show valid reproducible GFR estimates for the purpose of the K/DOQI-CKD classification. One of these publications, similar to our study with a large European population of 2095 subjects and a broad spectrum of GFR but measured by 51 Cr-labeled ethylene diaminetetraacetic acid ( 51 Cr-EDTA), reported that the CG and MDRD formulas had Ϯ30% accuracy of 79 and 87%, respectively, and misclassified approximately 30% of the subjects according to the K/DOQI-CKD classification (35) . In comparison to our results, it is unclear if this formulas' better performance is due to SCr calibration effect or mean bias of 4.0 Ϯ 4.9 ml/min/1.73 m 2 between the 51 Cr-EDTA and inulin renal clearances reported in this studied population.
Conclusions
In the study presented here of a large multicenter population of 2208 subjects with and without CKD, broad GFR spectrum, and diverse renal pathology, the CG and MDRD formulas showed some limitations in their ability to properly estimate the mGFR by Cin. Both formulas had accuracy of approximately 70% of the GFR estimates within Ϯ30% of mGFR and approximately 60% of the population was classified correctly in the five GFR groups defined by the K/DOQI-CKD classification.
